A comparison of the solution n.m.r. structures of barley serine protease inhibitor 2 (BSPI-2) with the X-ray structures of both subtilLsin complexed and native BSPI-2 is presented. It is shown that the n.m.r. and X-ray structures are very similar in terms of overall shape, size, polypeptide fold and secondary structure. The average atomic rms difference between the 11 restrained dynamics structures on the one hand and the two X-ray structures on the other is 1.9 ± 0.2 A for the backbone atoms and 3.0 ± 0.3 A for all atoms. The corresponding values for the restrained energy minimized mean dynamics structure are 1.5 and 2.4 A, respectively Key words: barley serine protease inhibitor / n.m.r. solution structure / X-ray structure
Introduction
In the preceding paper (Gore et al., 1987a) we presented the determination of the solution conformation of the 64 residue proteolytic fragment (residues 20-83) of barley serine proteinase inhibitor 2 (BSPI-2 also known as chymotrypsin inhibitor 2, G-2) on the basis of n.m.r. data using a combination of distance geometry and restrained molecular dynamics calculations. In this paper we present a detailed comparison of the structures derived in this manner with two X-ray structures of BPSI-2: one in the native state (McPhalen and James, 1987) and the other in a complex with subtilisin (McPhalen et al., 1985a) . Given that relatively few protein structures have been solved to date by n.m.r., such a comparison is essential to evaluate the reliability and limitations of the n.m.r. approach as a method of structure determination.
Materials and methods
All structural analyses and comparisons were carried out with the program XPLOR (A.T.Briinger, unpublished data) which is a vectorized version of the program G-IARMM (Brooks et al., 1983) especially adapted for restrained molecular dynamics and structure analysis.
The X-ray structures used in the comparisons are taken from McPhalen et al. (1985a) and McPhalen and James (1987) . The native (free) X-ray structure of BSPI-2 was solved at 2.0 A resolution with a crystallographic R factor of 0.198 (McPhalen and James, 1987) . The X-ray structure of BSPI-2 in the complex with subtilisin Novo was solved at 2.1 A with a crystallogTaphic R factor of 0.193 (McPhalen et al., 1985a) . The root mean square (rms) error in the atomic coordinates of the two X-ray structures is -0.3 A.
Results and Discussion
The notation employed for the structures obtained from the distance geometry and restrained molecular dynamics calculaTaMe I. Interproton distance deviations and radii of gyration*
Structure
Rms difference between calculated and target interproton distance restraints (A) All
Interresidue
Short range ± 0.14 "The notation of the X-ray structures is as follows: Xray(free) and Xray(bound) are the structures of native (McPhalen and James, 1987) and subtilisin complexed (McPhalen et al., 1985a) BSPI-2, respectively. Xray-RM(free) and Xray-RM(bound) are the restrained energy minimized structures derived from the original X-ray structures (see text). <RDDG> are the 11 final restrained dynamics structures and (RDDG)m is the restrained energy minimized mean structure derived from the <RDDG> structures (Clore et aL, 1987a tions is the same as that in the previous paper (Clore et al., 1987a) and for the sake of clarity will be briefly reiterated here; < DG > are the 11 converged distance geometry structures, <DGm> the structures derived from the < DG > structures by restrained energy minimization, and <RDDG> the structures derived from the <DGm> structures by restrained molecular dynamics; DC , DGM and RDDG are the mean structures obtained by averaging the coordinates of the <DG>, <DGm> and <RDDG> structures best fitted to residues 22-83, and (DG)m, (DGm)m and (RDDG)m are the structures derived from the mean structures by restrained energy minimization. In comparing these structures with the two crystal structures of BSPI-2 two points have to be considered: namely to what extent are the differences due (i) to the inadequacies of the n.m.r. data and (ii) to genuine differences between the solution and crystal structures. The inadequacies of the n.m.r. data are reflected by the limitations in the number and accuracy of the interproton distance and 0 backbone torsion angle restraints as well as in the limited range (^5 A) of the interproton distance restraints.
Genuine differences between the solution and X-ray structures can be ascertained by comparing the-values of the experimental n.m.r. restraints with an equivalent set derived from the X-ray structures. Such a comparison is afforded by the data in Tables I to HI relating to the interproton distance restraints. The X-ray structures exhibit relatively large deviations with respect to the interproton distance restraints when compared to the restrained dynamics structures (Table I ). This is also reflected by an approximately 60-fold higher value in the nuclear Overhauser enhancement (NOE) restraints energy (Table III) . Table II details those interproton distances for which the X-ray structures exhibit violations >0.5 A. This comprises 17 short (|/-y'| 25) and 10 long (| i-j\ >5) range interresidue distances and 12 intraresidue distances out of a total of 403 interproton distance restraints. These distance violations are distributed throughout the structure and the maximum violation is 4.8 A. Thus it would appear that there are a few genuine differences between the Xray and solution structures. We note, however, that the X-ray structures do not exhibit any significant deviations from the <f> backbone torsion angle limits derived from the 3 J H Na coupling interproton distance violations, we proceeded to test whether they constant data, as indicated by the low values of the <f> restraints could be partially remedied by only minor atomic rms shifts. We energy (Table HI) . To assess the structural significance of the therefore subjected both crystal structures to restrained energy
TaHe II. Differences distance restraints and structures of BSPI-2
Observed NOE between the experimentally derived interprotorI the interproton distances derived from the X-ray Observed NOE intensity* Short range (|i-j| ^5) interresidue 4.4/4.4 3.3/3.3 3.7/3.7 2.7/3.9 3.5/3.6 3.6/3.6 4.0/4.0 4.5/4.0 3.7/3.6 2.3/2.3 4.1/4.1 3.8/3.8 3.9/3.9 3.1/3.1 3.5/3.6 1.9/1.8 4.0/4.0 3.5/3.5 3.4/3.4 3.8/3.8 3.6/3.8 4.1/4.1 3.7/3.7 3.8/3.8 4.2/4.2 3.4/3.3 3.5/3.5 3.6/3.6 4.0/4.0 4.2/4.2 4.1/4.1 3.9/3.8 3.3/2.5 3.3/3.4 3.2/2.7 2.8/2.2 4.1/4.1 3.9/4.0 3.5/3.5 "The NOE intensities arc classified into strong (s), medium (m) and weak(w), and are taken to correspond to distance ranges of 1.8-2.7 A, 1.8-3.3 A and 1.8-5.0 A, respectively. In the case of NOEs involving a methyl group(s), an additional 0.5 A per methyl group U added to the upper distance limit to account for the higher intensity of methyl resonances. b A represent the differences between the upper distance limits deduced from the experimental measurements on the one hand and the distances in the Xray and restrained energy minimized X-ray structures on the other. minimization using the same procedures as described in the previous paper (Clore et al., 1987a) . In both cases this resulted in small atomic rms shifts (<0.4 A for all atoms; Table IV), significant improvements in the interproton distance deviations (Table I) , violations (Table II) and NOE restraints energy (Table  HI) , and a small reduction in the overall non-bonding energy (Table HI) . Indeed the values of the various parameters relating to the interproton distance restraints are comparable to those of the < DGm > structures (see Tables HI and IV of Clore et al., 1987a) but not quite as good as those of the < RDDG > structures. Thus in structural terms the differences between the structure in solution and the crystal structures must be relatively minor. It should also be noted in this respect that restrained energy minimization did not result in structural convergence as the atomic rms differences between the two restrained energy minimized X-ray structures is the same as that between the original X-ray structures themselves ( Table TV) .
The best-fit superpositions of the restrained energy minimized mean structure (RDDG)m and the native X-ray structure illustrated in Figure 1 clearly shows the striking similarity of the two structures with respect to overall shape, size, polypeptide fold and secondary structure. The atomic and angular rms differences between the <DG>, <DGm> and <RDDG> structures on the one hand, and the X-ray and restrained energy minimized X-ray structures on the other are given in Tables IV  and V , respectively, and a comparison of the backbone hydrogen bonds is given in Table VI. The < RDDG > structures are slightly closer on average to the X-ray structures than are either the <DG> or <DGm> structures both with respect to atomic rms differences (Table IV) and differences in backbone torsion angles (Table V) . The latter are principally manifested by a reduction in the number of 0,^ torsion angles deviating by more than 90°f rom their corresponding values in the X-ray structures. More interesting is the observation that the average structures are closer to the X-ray structures than any of the individual structures, and that the average restrained dynamics structure RDDG is significantly closer than either of the two other average structures (Table  IV) . This relationship is also preserved when the average structures are subjected to restrained energy minimization to produce structures that are reasonable stereochemically and energetically, despite that fact that this procedure results in atomic rms shifts of 0.6-0.7 A for the backbone atoms. Thus, the atomic rms differences between the restrained energy minimized mean structure (RDDG)m and the two X-ray structures is ~ 1.5 A for the backbone atoms and -2.3 A for all atoms (Table IV) , and the average <f>,\l/ angular rms difference is -22° with only one 4> and two \p angles deviating by more than 90° (Table V) . These findings mirror those that were found in our previous model calculations on crambin (Clore et al., 1986b (Clore et al., , 1987b Briinger et al., 1986) .
Plots of the atomic and angular rms differences between the < RDDG > and (RDDG)m structures on the one hand and the native X-ray structure on the other are shown in Figures 2 and  3 . The largest differences, both for the backbone and sidechain atoms, are seen in the reactive site loop region (residues 54-61). This is perhaps not too surprising given that this region is less well determined than the rest of the protein (see Figures 2 and  3 of Clore et al., 1987a) due to the presence of relatively few long range (| i -j \ > 5) restraints with which to orientate it relative to the main body of the molecule. Further, most of its sidechains are directed outwards from the surface of the protein and are relatively unconstrained by the experimental interproton distances. The largest differences between the two X-ray structures also occur in this region and are correlated with above average values for the temperature factors in the native BSPI-2 structure (McPhalen and James, 1987) . The segments of closest agreement, on the other hand, occur in the regular secondary structure elements, namely the a-helix and the mixed parallel/antiparallel £-sheet. This is also reflected by a set of similar back- The notation of the structures is the same as that in Table I . The total energy is the sum of the potential and restraints (NOE and <t>) energies, and the potential energy is made up of all the other bonded and non-bonded energy terms. The number of terms for the bond, angle dihedral and improper dihedral (planarity) potentials and for the effective NOE interproton distance and <t> backbone torsion angle restraints potential is given in parentheses.
•The NOE and <$> torsion angle restraints force constants (cf Eq. 1 of Clore et al., 1986b ) have values of 40 kcal/mol/A 2 and 80 kcal/mol/radian 2 respectively. "The notation of the X-ray structures is the same as that in Table I . The notation of the n.m.r. structures is given in the text. b The reason that residues 20 and 21 are excluded from the atomic rms differences is that their conformation could not be determined as no NOEs involving these two residues were observed.
bone hydrogen bonds (Table VI) . The sidechain conformations, as expected, are less well determined by the n.m.r. data than the backbone conformation, with the result that the sidechain atomic rms differences between the computed structures and the X-ray structures are larger than those for the backbone atoms (Table IV) . Nevertheless, the positions of sidechains within the protein interior are relatively well determined (Figures lc and 2) , while those at the surface which are not restrained by a dense network of interproton distance restraints tend to be poorly determined (e.g. in the reactive site loop). It is important to stress in this respect that, with the exception of the densely packed hydrophobic core where steric packing requirements come into play, the positioning of the sidechains depends entirely on the presence or absence of restraints. Thus, The angular violations are defined as the number of angles for which the average angular rms difference between the structures is greater than 90°; these angles are not included in the calculation of the average angular rms difference. The notation for the structures is the same as that in Tables I  and ID. for example, the salt bridges between Arg 65 and Arg 67 on the one hand and residues of the reactive site loop on the other, which are characteristic not only of BPSI-2 but also of the structurally related protein eglin (McPhalen et al., 1985b; Bode et al., 1986) and which have been postulated to stabilize the conformation and orientation of the reactive site loop, are not present in any of the three restrained energy minimized mean structures. Given that the position and conformation of the loop is still relatively well determined from the n.m.r. data, one might be misled into thinking that these salt bridges do not play a major role in stabilizing the reactive site loop conformation in solution. Such an interpretation, however, is unwarranted. The orientation of the reactive site loop in the n.m.r. structures is in fact determined by the presence of NOEs bridging the hinges of the loop connecting it to the main body of the protein (see Figure 2c of Clore et al., 1987a) . These NOEs do not involve either Arg 65 or Arg 67. Consequently, the stabilizing salt bridges are not reproduced. The absence of detectable NOEs from the guanidiniurn group of these two residues to loop residues, which could have positioned these side chains appropriately, may be due to the large linewidths associated with the resonances of the exchangeable protons within the guanidinium group. The criteria for assigning backbone hydrogen bonds are as follows: if NO s 3.3 A and 120° < A(N-H-O) s; 180°. The notation of the structures is the same as that in Table I and III. 
